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Department of Computational and Systems Biology, School of Medicine, University of Pittsburgh, Pittsburgh, PennsylvaniaABSTRACT Significant advances have beenmade in recent years in characterizing neurotransmitter:sodium symporter (NSS)
family structure and function. Yet, many time-resolved events and intermediates that control the various stages of transport cycle
remain to be elucidated. Whether NSSs harbor one or two sites for binding their substrates (neurotransmitters or amino acids),
and what the role of the secondary site S2 is, if any, are still unresolved. Using molecular modeling and simulations for LeuT, a
bacterial NSS, we present a comprehensive account of substrate-binding and -stabilization events, and subsequently triggered
interactions leading to substrate (alanine) release. LeuT instantaneous conformation as it reconfigures from substrate-receiving
(outward-facing) to -releasing (inward-facing) state appears to be a determinant of its affinity to bind substrate at site S2. In the
outward-facing state, S1 robustly binds alanine and regulates subsequent redistribution of interactions to trigger extracellular
gate closure; whereas S2 is only a transient binding site. The substrate-binding affinity at S2 increases in an intermediate close
to inward-facing state. LeuT harbors the two substrate-binding sites, and small displacements of second substrate near S2 are
observed to induce concerted small translocations in the substrate bound to primary site S1, although complete release requires
collective structural rearrangements that fully expose the intracellular vestibule to the cytoplasm.INTRODUCTIONNeurotransmitter:sodium symporter (NSS) family members
enable the uptake of a variety of substrates (neurotransmit-
ters and small amino acids) from the extracellular (EC)
environment to the cell interior. NSS family members
include dopamine transporter, serotonin transporter, norepi-
nephrine transporter, g-aminobutyric acid transporter, and
glycine transporter. Transport of substrates takes place
against their concentration gradient, with the help of co-
transported Naþ ions down their electrochemical gradient.
Removal of excess neurotransmitters is crucial to regulate
the postsynaptic cell activation in eukaryotic members of
NSSs. NSS dysfunction leads to psychological and digestive
disorders (1).
Leucine transporter (LeuT) from Aquifex aeolicus, a bac-
terial member of the NSS family, transports amino acids
such as leucine (Leu) or alanine (Ala). LeuT has tradition-
ally served as a model for exploring the mechanism of sub-
strate transport by NSSs as the first crystallographically
resolved member of the family. With the recent resolution
of LeuT structures in different states stabilized during the
transport cycle (2,3), as well as those of other members of
the NSS family, significant progress has been made in un-
raveling the structural basis of substrate transport (4,5).
All NSS family members share the so-called LeuT fold.Submitted April 9, 2013, and accepted for publication June 14, 2013.
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0006-3495/13/08/0630/10 $2.00The LeuT fold consists of 12 transmembrane helices
(TM1–TM12) organized in two peudosymmetric inverted
repeats: TM1–TM5 and TM6–TM10 (2,6,7). Helices TM1
and TM6 are broken near the substrate/ion-binding sites.
The disruption of corresponding intrahelical hydrogen
bonds presumably increases the predisposition to bind sub-
strate or ions at those regions.
The wealth of structural data on NSS family members has
led to extensive computational studies on LeuT and its
structural homologs to unravel time-resolved mechanisms
(reviewed by Shaikh et al (8)) of substrate/ion binding
(9–15) and release (16–21), using standard as well as
advanced molecular dynamics (MD) simulations including
targeted MD (tMD) (18), steered MD (12), weighted
ensemble path-sampling method (22), and accelerated
MD (aMD) (23). Our understanding is that NSS family
member’s cotransport substrate and sodium ions via a com-
bination of global and local changes in structure. Global
changes allow for the transition between outward-facing
(OF) and inward-facing (IF) states in accord with the clas-
sical alternating access mechanism (5,24). Local changes,
on the other hand, control the opening or closing of EC and
intracellular (IC) gates in the respective OF and IF states.
Therefore, substrate uptake takes place in the OF open
(OFo) state, and release in the IF open (IFo*), where the
asterisk designates substrate/ion-loaded conformer. Closure
of EC gate is essential, succeeding substrate binding, to
prevent leakage back to the EC region, hence the postulated
sequence of transitions OFo/ OFo*/ OFc*/ IFc*/
IFo*/ IFo/ OFo from uptake to release, and back to the
uptake-ready state. The first resolved structure of LeuT was
in the OFc* state (2): it contained two Naþ ions, designated
as Na1 and Na2, and a Leu. A few years later, a partiallyhttp://dx.doi.org/10.1016/j.bpj.2013.06.032
LeuT Substrate Transport Mechanism 631open conformer (OFo*) was determined in the presence of
tryptophan—a competitive inhibitor (25). And recently,
Gouaux and co-workers resolved the OFo and IFo struc-
tures (3). IFc* and IFo* structures have not been resolved
to date.
Although these studies provided valuable insights, they
also brought up several new questions, and exposed several
missing, if not contradicting, features. The number and
functional significance of high affinity substrate-binding
sites in LeuT has been the subject of many studies
(3,12,20,26–30). The original structure resolved by Gouaux
and co-workers showed one primary site (S1) approximately
midway across the lipid bilayer (2). Subsequently, Javitch
and co-workers identified another, secondary site (S2)
(26), based on MD simulations, fluorescence resonance
energy transfer measurements, binding, and flux experi-
ments (12,26,28,31). They proposed that substrate binds to
S2 with equal high affinity as to S1, and further proposed
that an occupied S2 is required for allosteric regulation of
the cytoplasmic release of the primary substrate from
S1 (12). Although the existence of S2 (as either a high-affin-
ity or low-affinity site for substrate binding) is well estab-
lished in LeuT and other NSS family members such as
dopamine transporter, serotonin transporter, and norepi-
nephrine transporter (for a review, see Nyola et al. (32)),
its relevance to substrate transport is less well established.
Experimental studies by Gouaux and co-workers (3,29,30)
cast doubt on the existence of a high-affinity site S2, and
on the relevance of the S2 site to allosteric regulation of sub-
strate release.
This study aims at full atomic mapping of the sequence
of events from substrate binding to release by LeuT, exam-
ining the substrate-binding sites in LeuT, and assessing the
relevance of the S2 site, if any, to substrate transport. We
postulate that between substrate intake and release, signifi-
cant conformational changes take place; and these may
induce alterations in substrate-binding pose and affinity.
With the help of extensive simulations, we focus on time-
resolved events as well as intermediates visited during the
transport cycle. Because LeuT transports Ala more effi-
ciently than leucine (25), we chose Ala as substrate. Our
analysis indicates that LeuT harbors two sites for substrate
binding, one coinciding with the primary site S1 and the
other, with S2. Substrate binding to S1 is clearly shown
to trigger the isomeric rotation of F253 side chain, which
prompts the closure of the EC gates controlled by the aro-
matic pair Y108-F253 and the salt bridge R30-D404. As
LeuT undergoes the global transition OFc*/ IFc*, an in-
termediate with increased probability of simultaneously
binding two Ala molecules, precisely at sites S1 and S2,
is observed. Significantly, the Ala bound to S2 exhibits a
tendency to move in concert with the first Ala bound to
S1, although the complete release of Ala from S1 requires
additional structural transitions cooperatively leading to
the opening of the IC vestibule to the cytoplasm. Overall,the study supports the presence of site S2, the occupancy
probability and binding affinity of which depend on the
conformation of LeuT as it reconfigures during the transport
cycle.MATERIALS AND METHODS
System preparation
Simulations were performed using the crystal structures resolved for the
OFo (PDB: 3TT1) (3), OFc* (PDB: 2A65) (2), and IFo (PDB: 3TT3) (3)
states of LeuT. LeuT functions as a monomer (33), and hence known coor-
dinates for the monomer (R5 to R507) were used. Missing loops were
reconstructed and refined using MODELER 9.10 (34); and substituted/
mutated residues were restored back to wild-type amino acids. Protonation
states of titratable residues were assigned based on pKa calculations per-
formed earlier (13), with E112, E287, and E419 neutralized. All simulations
were performed in the presence of explicit lipid and water molecules in an
initial box of 100 100 96 A˚3. Unless otherwise stated, all simulated sys-
tems contained a LeuT monomer, two alanines (Ala-1 and Ala-2), 30 Naþ
and 35 Cl ions, and 212 POPC (1-palmitoyl-2-oleoyl-sn-3-phosphocho-
line) and 16,770þ water molecules, adding up to 87,000þ atoms.Summary of simulations
A set of 13 MD trajectories (cumulative run time of 0.8 ms) was generated
using NAMD (35) and standard protocol (Table 1), including aMD (36) and
tMD (18) runs in addition to conventional MD (cMD). aMD allows for
improved sampling upon reducing conformational energy barriers. In this
application, dihedral angle (f) rotations were accelerated with the help of
the potential DV ¼ (E – V(f))2/(a þ E – V(f)) (36), whenever V(f) fell
below a threshold value, E, acceleration was performed. Two sets of accel-
eration parameters (E and a) were used: 15,600 and 310 kcal/mol, as well as
18,600 and 210 kcal/mol. A steering force of the form FtMD ¼ 1/2 (k/N)
[(RMSD(t) – RMSD*(t)] was adopted in tMDs, with the spring constant
k ¼ 200 kcal/(mol.A˚2); N is the number of targeted atoms, RMSD(t) is
the instantaneous departure from the target crystal structure (with Leu
replaced by Ala), and RMSD*(t) is the target based on a linear decay
from RMSD(0) to zero. Adaptive biasing force (ABF) (37) calculations
were carried out for evaluating the potentials of mean force (PMF) associ-
ated with Ala binding and F253 isomerization. See the Supporting Material
for more details.
Binding of substrate (OFo/OFo*)
Three cMD runs were performed for examining substrate-binding events:
two (runs 2–3; Table 1) in the presence of two alanines initially placed
10–15 A˚ away from S1 (Fig. 1), and the third (run 1) in the absence of
substrate. The OFo crystal structure was used for original atomic coordi-
nates of LeuT.
EC gate closure upon substrate binding (OFo*/OFc*)
Three aMD (runs 4–6) and two tMD (runs 7 and 8) were performed starting
from the 2 ns snapshot in run 2 to examine coupled dynamics of Ala-2
and Ala-1 while LeuT approaches its OFc* state. In aMD simulations, a
4 ns cMD simulation was performed every 20 ns aMD simulation. Root
mean-square deviation (RMSD) in Ca-atom coordinates from their crystal-
lized OFo positions reached a plateau of 1.35 0.3 A˚ after 20 ns in runs 1–6
(Fig. S1 in the Supporting Material).
Release of substrate and ions (OFc*/IFc*/IFo*/IFo)
LeuT dynamics near the OFc* state was examined with the help of a
42-ns aMD (run 9) starting from the last snapshot of run 7. To visualizeBiophysical Journal 105(3) 630–639
TABLE 1 Summary of simulated systems, simulation durations, and initial structures
Run no. Observed processa Run identifier Duration (ns) Initial conformation Initial RMSD (A˚)b
1 OFo Fluctuations in OFo state before Ala binding cMD_OFo 50 3TT1 0.0 (3TT1)
2 OFo/ OFo* Binding of alanine to sites S1 or S2 of LeuT
in the OFo sate
cMD1_OFo/OFo* 50 3TT1 þ 2 Ala
3 cMD2_OFo/OFo* 42 8 ns of run 2 1.1 (3TT1)
4 aMD1_OFo/OFo* 48 2 ns of run 2 1.0 (3TT1)
5 OFo/ OFc* EC gate closure upon binding Ala to S1 aMD2_OFo/OFc* 60
6 aMD3_OFo/OFc* 70
7 OFo*/ OFc* Ala-2 motions as Ala-1 binds to S1 and EC
gate closes
tMD1_OFo*/OFc* 8
8 tMD2_OFo*/OFc* 8
9 OFc* Binding of Ala-2 to S2 in the Ala-1 bound,
closed OF state
aMD_OFc* 42 8 ns of run 5 0.8 (2A65)
10 OFc*/ IFo Transition from OFc* to IFo tMD_OFc*/IFo 10
11 OFc*/ IFo* Coupled dynamics of LeuT, Ala, and Naþ ions
in IF state, and release of Na2
cMD1_IF 94 6.8 ns of run 10 1.8 (3TT3)
12 OFc*/ IFo* aMD_IF 194
13 OFc*/ IFo Stabilization of IFo*, release of Ala-1/Na1 cMD2_IF 93 7.4 ns of run 10 1.5 (3TT3)
aThe designations OF and IF are used for the outward- and inward-facing states of the symporters; o and c refer to the open or closed conformations of the
gates in either OF or IF states; asterisk is appended when there is a bound substrate.
bRMSD with respect to the position of backbone atoms in the crystal structures written in parentheses.
632 Cheng and Baharthe transition OFc*/IFo, one tMD run (run 10) was performed using the
same initial structure, applying FtMD to G13- R507 backbone atoms toward
IFo structure (R5-T10 are not resolved in the IFo structure). Two additional
cMD (runs 11 and 13) and one aMD simulation (run 12) were conducted up
to 200 ns to examine the global transition to IF state and substrate/cation
release, using intermediates in run 10 (Table 1).FIGURE 1 LeuT structure and the locations of the crystallographically
observed sodium ions Na1 and Na2, and the substrate-binding sites S1
and S2. A snapshot at t ¼ 2 ns of cMD run 2 is displayed, where the
OFo structure (PDB: 3TT1) was used as input (orange cylinders). POPC
molecules are represented by green sticks, their phosphorus atoms in tan
spheres; water molecules are shown in pink, and the sodium ions Na1
and Na2, in blue spheres (in all figures). The sites S1 and S2 are indicated
by semitransparent spheres. S1 is the primary substrate-binding site
observed in the OFc* crystal structure (PDB: 2A65); and S2, the more
recently proposed secondary site. The figure displays the initial positions
of Ala-1 and Ala-2 (purple van der Waals (vdW) spheres), at ~10 A˚ and
15 A˚ along the z axis relative to S1, before MD runs 2–8 (Table 1) for
exploring the binding and stabilization of substrate(s) in the OFo* state.
For clarity, TM11 (R446 to E478) is not shown.
Biophysical Journal 105(3) 630–639Trajectory analysis and identification of collective
modes
VMD (38) with in-house scripts was used to analyze the time evolution of
structures. Normal mode analysis of LeuT crystal structures was per-
formed using anisotropic network model (ANM) (39). Principle com-
ponent analyses (PCAs) of MD trajectories were performed using
ProDy (40). ANM modes were visualized using Normal Mode Wizard
of ProDy implemented in VMD. An interaction cutoff of 15 A˚ was adop-
ted for Ca-atoms to build the ANM Hessian. See the Supporting Material
for evaluation of binding pockets and ANM modes.RESULTS AND DISCUSSION
Either S1 or S2 serves as a binding site for
substrate in the OF state of LeuT
To explore the potential binding of substrate to the sites S1
and S2 (12,26), two Ala molecules, designated as Ala-1 and
Ala-2, were initially placed >10 A˚ away from the S1 site of
LeuT in the OFo state, and their time evolution was observed
in five independent runs, two conventional, three acceler-
ated (runs 2–6, Table 1). Fig. 1 illustrates the original posi-
tions of the alanines with respect to S1 and S2, as well as the
two crystallographically observed binding sites, Na1 and
Na2, for sodium ions.
In all runs, one of the alanines (either Ala-1 or Ala-2) was
observed to diffuse to the EC environment within 10 ns,
whereas the other remained in the EC vestibule for the entire
duration of simulations, except in run 4, where both Ala-2
and Ala-1 left to the EC region. The trajectories of the
alanines were particularly interesting: in one of the runs
(Fig. 2 A), Ala-1, originally located near S2, was dislodged
by Ala-2 to be pushed toward the EC region, whereas Ala-2
settled stably at the vacated site S2. In another (Fig. 2 B),
we practically observed the opposite: Ala-1 moved from
the vicinity of S2 to bind site S1, whereas Ala-2 left. (see
Movie S1 and Movie S2). Therefore, significant translations
and rotations were undergone by the substrates. They
FIGURE 2 Alanine readily locates and binds
either S1 or S2 in the OF open state of LeuT.
(A and B) Time evolutions of the instantaneous
positions of Ala-1 (green) and Ala-2 (blue), along
the z axis normal to membrane (see Fig. 1), with
respect to primary site S1. Trajectories refer to
the simulations of the transition OFo / OFo*
(runs 2 and 5 in respective panels A and B). The
dotted red line indicates the position of site S2
(12) along the z axis; and the dotted gray line,
that of S1 (at z ¼ 0). (C and D) Binding of Ala
(purple vdW) to the respective sites S2 and S1,
observed in the respective runs 2 and 5. The pose
in (D) is consistent with that of Leu in the OFc*
crystal structure, isolated from the EC region by
the aromatic residues Y108 (violet) and F253
(cyan). EC gate residues R30 (blue), D404 (red),
Y108, and F253 are displayed in licorice. Trans-
parent yellow and green regions display the hydro-
phobic and hydrophilic residues that line the S1
and S2 sites. TM helices 1, 3, 6, and 10 and EC
loop EL4b, involved in substrate coordination,
are labeled, with suffix a or b indicating the N- or
C-terminal segments of the broken helices 1 and 6.
LeuT Substrate Transport Mechanism 633occasionally competed for the same site, until one of them
stabilized at either S1 or S2, and the other escaped to the
EC environment. Overall, Ala was observed to bind either
S1 or S2; yet not two sites were simultaneously occupied
in the OFo state.
It is important to note that these events occurred when
LeuT was in the OFo/OFo*. LeuT maintained its conforma-
tion with minimal RMSD from the starting structure during
these runs, i.e., it adapted to Ala-binding/unbinding through
local rearrangements comparable in size to equilibrium
fluctuations in the unbound (OFo) state (Fig. S1). In the
OFo state, the symporter has one continuous EC binding
pocket of ~1500 A˚3 (based on the OFo crystal structure),
which allows for significant movements of the substrate.
This pocket is too large for tight binding of small molecules
like Ala or Leu (molecular volume ~60–100 A˚3). Stabiliza-
tion of the bound Ala in either site requires rearrangements
of EC gating pairs of residues (Fig. 2, C and D), to hold the
substrate in place, as will be further elaborated below. It
will be shown below (runs 7 and 9) that the closure of
EC gates complemented by rearrangements of TM helices
provide a suitable setting for simultaneous binding of two
alanines.Binding energetics suggests that S1 is a higher
affinity site compared to S2, in the OFo state
In all simulations of substrate binding (runs 2–6), the
solvent-exposed pocket between TM helices 1b, 3, 6a,
and 10, and below the EC loop EL4b (Fig. 2, C and D),
was invariably observed to serve as the substrate-binding
region. This region harbored two preferential sites for sub-
strate binding: the primary site S1, buried deep into thepocket, and the secondary site S2. S2 practically overlaps
with the binding site of Trp in the Trp-bound (OFo*)
crystal structure (25). Consistent with the findings of
Javitch and co-workers (12), residues that line this site
include L25, G26, L29, and R30 on TM1a, Y107, Y108,
and I111 on TM3, D404 on TM10, and A319 and F320
on EL4b.
As a further assessment, we evaluated the PMF for
transporting an alanine from the EC environment to
various positions in this solvent-exposed pocket up to
site S1. Snapshots from cMD and aMD runs were adop-
ted to perform ABF calculations (see the Supporting
Material). Results presented in Fig. S2 confirm that both
S1 and S2 can potentially bind and stabilize an alanine,
both yielding minima in the PMF profile evaluated as
a function of Ala position. The profiles are sensitive to
the detailed trajectories, in line with the changes in
local conformation accompanying substrate movements.
S1 exhibits a higher binding affinity (up to 5.0 5
1.0 kcal/mol) compared to S2 (up to 2.0 5 0.5 kcal/
mol) (Fig. S2).
Piscitelli et al. examined (27) the binding of substrate to
wild-type LeuT and to S2 site mutants using calorimetric
measurements, equilibrium dialysis, and scintillation prox-
imity assays, in addition to substrate uptake kinetics exper-
iments to probe allosteric coupling between S1 and S2, if
any. They reached the conclusion that LeuT has only a sin-
gle high affinity substrate-binding site (S1) and pointed out
that S2 might be a low-affinity (transient) binding site,
temporarily occupied by the substrate as it translocates
from the EC region to the S1 site. The present findings sup-
port the view that S2 is a low-affinity binding site, in the OF
state of LeuT.Biophysical Journal 105(3) 630–639
634 Cheng and BaharSubstrate binding to primary site S1
spontaneously leads to closure of EC gate,
assisted by F253 isomerization
Examination of molecular events triggered by Ala binding
to S1 (runs 5 and 6) revealed important structural changes,
which practically led to EC gate closure within tens of nano-
seconds of accelerated MD (Figs. 3 and Fig. S3).
First, we noted the c1 (C
a-Cb dihedral) angle of F253
(in TM6) to undergo an isomeric rotation from 70 5
15 to 1605 15 (Fig. 3, B and F). This rotation reduced
the distance between Y108 and F253 (Fig. 3, D and F). Ala
binding also triggered a local redistribution in the atomic
interactions among the pocket-lining residues, reflected by
increased fluctuations at TM6 and TM2 (Fig. S4). This local
destabilization may also be seen from the wide fluctuations
in the distance between R30 and D404 (Fig. 3 C), in favor
of the closures of the two EC gates, R30-D404 (Fig. 3, C
and E), and Y108-F253 (Fig. 3, D and F).Biophysical Journal 105(3) 630–639The dotted horizontal lines in Fig. 3 and Fig. S3 display
the values corresponding to the OFc* crystal structure.
Clearly, all the curves in panels A–D approach the values
characteristic of the OFc* state. The evolution toward this
state occurs spontaneously within tens of nanoseconds of
aMD, succeeding Ala-1 binding to S1. To our knowledge,
these trajectories permit us for the first time to view at
atomic resolution the sequence of events during the transi-
tions OFo/OFo*/OFc*. The EC gate closure prevented
the substrate from leaving the site S1 and moving back to
the EC region and further stabilized the bound form.
To further assess the coupling between F253 side-chain
isomerization and the conformational changes of the overall
symporter, we performed ABF calculation of F253 c1 PMFs
in the presence and absence of Ala bound to S1 site.
The results are presented in Fig. S5. Equilibrated OFo
and OFc* conformations were taken from runs 1 and 9,
respectively. In both calculations, c1 displayed two minima,FIGURE 3 Substrate binding to site S1 prompts
the closure of EC gates. Time evolution of the (A)
distance of Ala-1 (along the z axis) from S1; (B)
c1 angle of F253; (C) distance between EC gating
residues R30 and D404; and (D) distance between
EC gating residues Y108 and F253. (E) Salt bridge
formed intermittently between R30 (blue) and
D404 (red). Ala-1 is shown in purple vdW spheres.
White sticks show the side-chain orientations in the
OFo crystal structure in both E and F. (F) Isomeri-
zation of F253 (cyan) brings its aromatic side chain
into close proximity of Y108 (violet). Results refer
to aMD simulation of substrate binding in the OF
state, OFo/ OFc* (run 5). LeuT gradually ap-
proaches the OFc* crystal structure (dashed lines),
succeeding the binding of Ala-1 to S1 (around
15 ns; panel A), evidenced by F253 isomerization
(B) and ensuing closer association of Y108-F253
(D and F) and R30-D404 salt bridge formation
(C and E). Light-color curves in A, C, and D
show data collected at 4 ps intervals, and heavy
colors, those averaged over 10 such snapshots.
LeuT Substrate Transport Mechanism 635near 70 and 160, consistent with the c1 angles
observed in the x-ray structures as well as two populations
of c1 angles observed in our simulations (Fig. 3 B and
Fig. S3 B). In the OFo state, the most stable rotational angle
is c1 ¼ 70 5 15 and the energy barrier for the rotation
to 1605 15 is >6.05 1.5 kcal/mol; in the OFc* state,
c1 ¼ 160 5 15 is more stable, and an energy barrier of
4.0 5 1.0 kcal/mol is encountered for the isomerization
to 70 5 15. The differential dihedral angle PMFs of
F253 are due to Ala binding to S1 as well as the inward
tilting of TM6a and TM1b segments by 10 5 5 in the
OFc* state compared to OFo state.
In summary, the EC gate closure in the OF state occurs as
a natural (structure-encoded) consequence of the redistribu-
tion of interactions near S1, succeeding Ala binding. The
observed coupling between substrate binding (to S1) and
EC gate closure is in agreement with previous observations
made by Noskov for a series of substrates (10). The rota-
tional isomerization of F253 is essential to closing the EC
gate. This rotation simultaneously brings the F253 aromatic
side chain into close proximity of Y108 to close an EC gate,
and helps stabilize the R30-D404 salt bridge that serves as a
second (outer) EC gate. Not surprisingly, the F253A mutant
has been detected to dramatically reduce the transport of Ala
and the rate of transition from open to closed state (31).Structure-encoded collective motions favor the
reorientation of TM helices to stabilize the OFc*
state
Fig. 3 showed the intrinsic predisposition of LeuT to un-
dergo functional changes in its local conformation to close
the EC gate after Ala binding to S1. In so far as the overall
rearrangements of TM helices are concerned, on the other
hand, we observed 2 to ~5 inward tilting of TM1b and
TM6a segments in the direction of the OFc* state, although
these global helical reorientations remained short of those
stabilized in the OFc* crystal structure (Fig. S6).To explore the TM helical rearrangements involved in the
passage OFo/OFc*, we analyzed the collective motions
accessible to LeuT using the ANM (39). Our calculations
indicate that the first five lowest frequency modes account
for >50% of the TM helical reorientations that takes place
during the passage from OFo to OFc*, and a similar result
holds for the reverse transition (Fig. 4). This finding sug-
gests that the cooperative rearrangements of TM helices
experimentally observed in the presence of bound sub-
strate/Naþ are in close accord with the collective dynamics
of the protein intrinsically defined by its TM domain
architecture, in accord with observations made for other
membrane proteins (41,42). Taken together, these global
rearrangements of TM helices, together with local gate
closure events (Fig. 3), enable the transition OFo /
OFc*. The local events are observable in MD simulations.
As to global events, helical tiltings in the correct directions
are detected but not fully deployed within the timescale of
simulations; these are deduced, however, from ANM anal-
ysis. These observations firmly establish that local events
complemented by global dynamic propensities shift the
equilibrium toward the OFc* state.A second Ala can bind to site S2 after closure of
EC gates, before the release of Ala bound to S1
Next, we examined the dynamics of Ala-2 in the presence of
Ala-1 bound to site S1. Two sets of tMD runs were conduct-
ed to this aim (runs 7 and 8 in Table 1), using the same start-
ing point as the aMD described previously (Fig. 3), with the
major difference that this time we steered LeuT and Ala-1
atoms toward their coordinates in the OFc* crystal structure.
The goal was to observe the accompanying dynamics of
Ala-2.
In one of the runs (run 8), Ala-2 left to the EC region
within 4 ns, consistent with the cMD runs (Fig. 2). In all
those cases, one Ala left the binding pocket. We also
note that neither binding of the other substrate to site S1FIGURE 4 Correlation between theoretically pre-
dicted structural changes and those experimentally
observed between the open and closed states of OF
LeuT (A) Cumulative overlap between ANM modes
and experimentally observed structural change from
OFo to OFc* (black), and backward (red); and (B) com-
parison of the second ANM mode (dark blue arrows)
calculated for OFo state (orange), and the structural
change between OFo and OFc* (yellow) structures.
Biophysical Journal 105(3) 630–639
636 Cheng and Bahar(nor closure of the EC gates) was observed before the exit of
that substrate. In run 7, a different situation came up, as
illustrated in Fig. S7 and can be seen in Movie S3: binding
of one of the substrates (Ala-1) to S1 was made possible
before the escape of Ala-2 (panel A). Binding to S1 was
preceded by F253 isomerization (panel B), water-mediated
salt bridging of R30-D404 (panel C), and aromatic side
chains Y108-F253 association (panel D), and led binding
of Ala-2 to S2.
The next question was to examine the stability and equi-
librium dynamics of that conformer with Ala-1 and Ala-2
bound to respective sites S1 and S2. A 42 ns aMD run
(run 9) showed that Ala-1 remained stably bound, whereas
Ala-2 temporarily dissociated from site S2 (for ~20 ns)
and then returned to the same site and remained bound for
the last 15þ ns (Fig. 5, A and B). Note that the two sites
have distinct characteristics: S1 is ~100 A˚3 and S2,
~800 A˚3, in the OFc* conformation. They are separated
by Y108-F253 the closure of which completely secludes
Ala-1 from the EC solution (Figs. 2 D and 5 A). The S2
site, however, is exposed to EC solution, and as such,
Ala-2 has a higher tendency to unbind. However, the forma-
tion of the salt-bridge R30-D404 (Fig. 5 C) and repacking of
TM helices in the OFc* conformer promotes tighter interac-
tions, thus preventing its unbinding.An intermediate state stabilized before Ala-1
release exhibits high affinity for binding Ala-2
near site S2
Next, we proceed to the examination of the passage OFc*/
IFc*/IFo*/IFo. To this aim, we performed one short
tMD run (run 10; Table 1) that initiated the reconfiguration
from OFc* toward IFo state. The dynamics of the intermedi-
ates reached along this path were then examined by conven-Biophysical Journal 105(3) 630–639tional and accelerated MDs (runs 11–13). Among these, two
(runs 11 and 12; Figs. 6 and Fig. S8) reached a highly stable
intermediate conformation between OFc* and IFc*, which
departs from both the OFc* and IFo crystal structures by
2.0–2.5A˚ (Fig. S9). The third (run 12), further advanced
to stabilize a conformer where the IC vestibule was open,
which led to the translocation and release of both Ala-1
and Na1 (Fig. S10). The S2 site was highly dry in runs 11
and 13, with a size around 200 5 40 A˚3, which is compa-
rable to that of S1 in the OFc* or IFc* states. In contrast,
it was hydrated and more open in run 12, which led to
Ala-2 escape to the EC region.
Previous work invited attention to an allosteric effector
role of the substrate bound to site S2 in triggering intracel-
lular release of Naþ and the first substrate from site S1 (12).
It has been suggested by Zhao and Noskov (16) that unbind-
ing of Na2 may lead to a tightening of the EC gate R30-
D404, and destabilization of the IC thin gate R5-D369,
thus promoting the unbinding of substrate. Along similar
lines, Na2 dissociation has been suggested to drive translo-
cation based on unbiased simulations and experimental
studies of the human serotonin transporter (20). Substrate
release was not observed, however, in those simulations
(20) (of cumulative duration 1.5 ms) despite the opening
of the IC vestibule. Our run 12 exhibits close similarities.
We also observed the stabilization of an IF-like intermediate
where the EC gate was closed, an opening of an IC-exposed
partially hydrated pore and succeeding release of Na2
around t ¼ 145 ns (Fig. S8; run 12). However, in line with
previous simulations (20), the Na2 dissociation was not suf-
ficient to lead to substrate translocation during our ~200 ns
aMD simulation, i.e., the stabilized intermediate fell short of
completing a transition to an IFo state. Na1 and Ala-1 re-
mained bound, despite their partial destabilization following
the release of Na2 as can be seen in Fig. S8.FIGURE 5 Simultaneous binding of Ala-1 and
Ala-2 to S1 and S2 sites is assisted by the R30-
D404 salt bridge formation. (A) Equilibrated OFc*
conformer (yellow cylinder) in the presence of
two alanines (purple, space-filling) and two sodium
ions (blue spheres). EC gate residues R30 (blue),
D404 (red), Y108 (violet), and F253 (cyan) are dis-
played in licorice. (B) Time evolution of the z-dis-
tance of Ala-1 and Ala-2 from S1. Gray dashed
lines indicate the positions of S1 and S2. (C)
Time evolution of the O-N distance between R30
and D404. Salt bridge formation between these res-
idues helps stabilize the substrate at site S2. Results
refer to tMD run 7 (t % 8 ns) for simulating
the transition OFo* / OFc* and aMD run 9
(8 % t % 50 ns) of the equilibrium dynamics at
the OFc* state (see Table 1). Gray vertical bar
marks the switch from tMD to aMD.
FIGURE 6 Stable binding of Ala-2 and its coupling to Ala-1 and F320
side-chain rotation in an intermediate occluded state visited during the
global transition OFc*/IFc*. Results refer to 6.8 ns tMD (run 10) to
initiate the transition, followed by 93.2 ns conventional MD (run 11).
The gray vertical bar marks the switch from tMD to cMD. Time evolutions
of (A) the z-axis distance of Ala-1 and Ala-2 mass centers from the S1 site
and (B) the c1 dihedral angle of F320. Snapshots at (C) 10 ns, (D) 25 ns, and
(E) 100 ns are shown, where the two alanines (purple vdW spheres) are dis-
played with respect to R30 (blue), D404 (red), Y108 (violet), F253 (cyan),
F320 (orange), and L400 (pink). Note the seclusion of Ala-1 by F253-Y108
aromatic side-chains association that serves as an EC gate, and the coordi-
nation of Ala-2 by the salt bridge forming residues R30-D404 and the hy-
drophobic pair F320 and L400.
LeuT Substrate Transport Mechanism 637Interestingly, conventional MD run 13 proceeded further
to stabilize a conformer closer to IFo crystal structure. An
RMSD of 1.5A˚ could be reached in this case from the crystal
structure (Fig. S10 B). The reconfiguration of LeuT into this
IFo-like conformation allowed for spontaneous release of
Ala-1 (Fig. S10) without prior release of Na2. Na2 remained
bound throughout the entire duration of simulations,
whereas Na1 was released ~40 ns after Ala-1. Notably, in
this case, a second substrate remained bound to site S2 dur-
ing this process.
Given that the release of Ala-1 has been proposed to be
allosterically regulated by Ala-2 (12), we have further
examined whether the occupancy of site S2 and/or the inter-
actions and movements of Ala-2 in relation to those of
Ala-1, were instrumental in dislodging or releasing Ala-1.
We focused on runs 11–13 to this aim, and especially on
the unbiased cMD simulation (run 13) that led to the trans-
location of Ala-1 and its release to the cytoplasm, whereas
Ala-2 was residing near site S2. First, in all runs where
a LeuT structure intermediate between OF and IF wassampled for extended periods (runs 11–13, Figs. 6, Figs.
S8–S10), the symporter was observed to stably bind a sec-
ond alanine near S2. This alanine (Ala-2) could escape
back to the EC region (Fig. S8) but could never move toward
the more buried S1 site, due to the obstruction by the EC
gating Y108-F253 pair, that continually shielded the bound
Ala-1 from EC environment. This is in contrast to the Ala-1/
Ala-2 dynamics in the OF structure where they could move
and swap binding sites (Figs. 2, Fig. S3, and Fig. S7). In the
intermediate conformer Ala-2 movements were restricted
to the upper side of the EC gating pair Y108-F253 that
remained closed all the time. The S2 site was practically
partitioned into two loci, inner (S2B) and outer (S2A), by
the salt bridge D404-R30. Ala-2 would reside in one or
the other (Fig. S11). The outer locus, S2A, was more prone
to the escape of Ala-2 back to the EC region (run 11),
whereas its dislocation to the inner locus directly coupled
to the rotation of F320 c1 from 60 5 20
 to 50 5 10
(value stabilized in the IFo crystal structure), in turn, dis-
lodged Ala-1 by ~4 A˚ downward, toward the IC region
(run 11, Fig. 6). These observations indicate a direct
coupling between the two substrates, which were also dis-
cerned in run 13 (see the portion around t ¼ 20–30 ns in
Fig. S10). However, we have not observed an allosteric
release from site S1 in response to this coupling. In contrast,
Ala-1 release (run 13) required a more cooperative struc-
tural rearrangement toward the IFo state, involving in addi-
tion to local redistribution of interactions, inward tilting of
helices TM1b and TM6a and downward movement of
loop EL4.
Collectively, these results suggest that Ala may stably
bind the close neighborhood of S2 in an intermediate
conformer of LeuT that is stabilized during the passage to
IFo state, and the binding affinity of Ala to that site may
be comparable in strength to its binding affinity to S1 in
the OFc* state (Fig. S12). The observed correlated move-
ments of Ala-1 and Ala-2 (Figs. 6 and Fig. S10) suggest
that the inward dislocation of Ala-2, coupled to F320
isomerization, may help dislodge Ala-1 from the primary
site, although the completion of translocation and release
requires further cooperative rearrangements that fully
expose the IC vestibule to the cytoplasm.CONCLUSION
Unraveling the molecular mechanism of the complete neu-
rotransmitter:sodium symport by NSS family members has
been a challenge due to the involvement of both local (EC
or IC gate opening/closure) and global (between outward-
and inward-facing) changes in the symporter structure.
These events usually occur at different timescales (e.g.,
tens of nanoseconds for local, microseconds or slower
for global). Their examination necessitates to adoption of
multiscale methods. This study aimed at addressing this
challenge, and shedding light at the same time on aBiophysical Journal 105(3) 630–639
638 Cheng and Baharcontroversial issue, the role of a secondary site for binding
substrate, which has drawn much attention in recent years.
An interesting feature that emerges from this study is the
coupling between local and global events—perhaps the
reason why it has been so challenging to explore transport
events at atomic detail. For example, the passage from OF
to IF is accompanied by, or occasionally appears to be trig-
gered by, local events such as F253 reorientation or a salt
bridge R30-D404 formation. Local events would not, how-
ever, prompt global changes, if it were not for the existing
predisposition of the overall structure to cooperatively
repack the TM helices in line with alternating access, evi-
denced by ANM analysis (Fig. 4). The predisposition (or
evolution) of the protein’s architecture to favor or facilitate
functional changes appears to be a design property shared
by many molecular machines and membrane proteins
(41,42), confirmed here for LeuT as well.
Our simulations consistently indicate that LeuT harbors
two Ala binding sites (S1 and S2) in the EC vestibule.
However, although S1 is a robust, high-affinity binding
site, the affinity of S2 depends on the state/time of the
LeuT structure along the transport cycle: Ala binding to
S2 is transient in the OFo state (Fig. 2, Fig. S2), and the
substrates enjoy significant mobility in the OFo* state.
The closure of the EC gate and further reconfiguration
toward the IFc* state, however, tightens the local interac-
tions near S2, stabilizing an intermediate with high binding
affinity at S2 (Fig. 6, Figs. S8, S10, and S12); this affinity
can be perceived even at the early stages of reconfiguration
(Fig. 5 and Fig. S7) upon closure of EC gates and a down-
ward movement of EL4a and EL4b segments. Notably, a
coupling between Ala-2 and Ala-1 movements is observed
in the intermediate state, transmitted via F320 (Fig. 6).
Based on our simulations, we suggest that mutation of
F320, i.e., F320A, may adversely affect substrate transport;
and substrate uptake measurements for this mutant may
help establish the possible role of S2 on mediating sub-
strate release.SUPPORTING MATERIAL
Supporting analysis including twelve figures, one table, three movies,
and references (43–49), along with additional information on the
method are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(13)00740-6.
This work was supported by National Institutes of Health (NIH) grants R01
GM086238 and P41GM103712-01 to I.B., and computational supports
from the National Science Foundation through TeraGrid resources
(TG-MCB130006) and the Center for Molecular and Materials Simulation
at the University of Pittsburgh.REFERENCES
1. Reith, M., editor. 2002. Neurotransmitter Transporters: Structure,
Function, and Regulations. Humana, Totowa, NJ.Biophysical Journal 105(3) 630–6392. Yamashita, A., S. K. Singh,., E. Gouaux. 2005. Crystal structure of a
bacterial homologue of Naþ/Cl-dependent neurotransmitter trans-
porters. Nature. 437:215–223.
3. Krishnamurthy, H., and E. Gouaux. 2012. X-ray structures of LeuT in
substrate-free outward-open and apo inward-open states. Nature.
481:469–474.
4. Zomot, E., A. Bakan, ., I. Bahar. 2011. Sodium-coupled Secondary
Transporters: Insights from Structure-based Computations. InMolecu-
lar Machines. B. Roux, editor. Word Scientific Publishing Co. Pte. Ltd.,
Singapore. pp. 199–229.
5. Krishnamurthy, H., C. L. Piscitelli, and E. Gouaux. 2009. Unlocking
the molecular secrets of sodium-coupled transporters. Nature.
459:347–355.
6. Forrest, L. R. 2013. Structural biology. (Pseudo-)symmetrical trans-
port. Science. 339:399–401.
7. Forrest, L. R., Y. W. Zhang, ., G. Rudnick. 2008. Mechanism for
alternating access in neurotransmitter transporters. Proc. Natl. Acad.
Sci. USA. 105:10338–10343.
8. Shaikh, S. A., J. Li, ., E. Tajkhorshid. 2013. Visualizing functional
motions of membrane transporters with molecular dynamics simula-
tions. Biochemistry. 52:569–587.
9. Zomot, E., and I. Bahar. 2010. The sodium/galactose symporter crystal
structure is a dynamic, not so occluded state. Mol. Biosyst. 6:1040–
1046.
10. Noskov, S. Y. 2008. Molecular mechanism of substrate specificity
in the bacterial neutral amino acid transporter LeuT. Proteins.
73:851–863.
11. Caplan, D. A., J. O. Subbotina, and S. Y. Noskov. 2008. Molecular
mechanism of ion-ion and ion-substrate coupling in the Naþ-dependent
leucine transporter LeuT. Biophys. J. 95:4613–4621.
12. Shi, L., M. Quick,., J. A. Javitch. 2008. The mechanism of a neuro-
transmitter:sodium symporter—inward release of Naþ and substrate is
triggered by substrate in a second binding site. Mol. Cell. 30:667–677.
13. Forrest, L. R., S. Tavoulari,., B. Honig. 2007. Identification of a chlo-
ride ion binding site in Naþ/Cl-dependent transporters. Proc. Natl.
Acad. Sci. USA. 104:12761–12766.
14. Khafizov, K., C. Perez, ., L. R. Forrest. 2012. Investigation of the
sodium-binding sites in the sodium-coupled betaine transporter BetP.
Proc. Natl. Acad. Sci. USA. 109:E3035–E3044.
15. Celik, L., B. Schiøtt, and E. Tajkhorshid. 2008. Substrate binding and
formation of an occluded state in the leucine transporter. Biophys. J.
94:1600–1612.
16. Zhao, C., and S. Y. Noskov. 2011. The role of local hydration and
hydrogen-bonding dynamics in ion and solute release from ion-coupled
secondary transporters. Biochemistry. 50:1848–1856.
17. Zhao, C., S. Stolzenberg, ., L. Shi. 2012. Ion-controlled conforma-
tional dynamics in the outward-open transition from an occluded state
of LeuT. Biophys. J. 103:878–888.
18. Shaikh, S. A., and E. Tajkhorshid. 2010. Modeling and dynamics of the
inward-facing state of a Naþ/Cl dependent neurotransmitter trans-
porter homologue. PLOS Comput. Biol. 6:e1000905.
19. Zomot, E., and I. Bahar. 2012. A conformational switch in a partially
unwound helix selectively determines the pathway for substrate release
from the carnitine/g-butyrobetaine antiporter CaiT. J. Biol. Chem.
287:31823–31832.
20. Koldsø, H., P. Noer,., B. Schiøtt. 2011. Unbiased simulations reveal
the inward-facing conformation of the human serotonin transporter and
Naþ ion release. PLOS Comput. Biol. 7:e1002246.
21. Zomot, E., and I. Bahar. 2011. Protonation of glutamate 208 induces
the release of agmatine in an outward-facing conformation of an
arginine/agmatine antiporter. J. Biol. Chem. 286:19693–19701.
22. Adelman, J. L., A. L. Dale, ., M. Grabe. 2011. Simulations of
the alternating access mechanism of the sodium symporter Mhp1.
Biophys. J. 101:2399–2407.
LeuT Substrate Transport Mechanism 63923. Thomas, J. R., P. C. Gedeon,., J. D. Madura. 2012. LeuT conforma-
tional sampling utilizing accelerated molecular dynamics and principal
component analysis. Biophys. J. 103:L1–L3.
24. Jardetzky, O. 1966. Simple allosteric model for membrane pumps.
Nature. 211:969–970.
25. Singh, S. K., C. L. Piscitelli,., E. Gouaux. 2008. A competitive inhib-
itor traps LeuT in an open-to-out conformation. Science. 322:1655–
1661.
26. Quick, M., A. M. Winther,., J. A. Javitch. 2009. Binding of an octyl-
glucoside detergent molecule in the second substrate (S2) site of LeuT
establishes an inhibitor-bound conformation. Proc. Natl. Acad. Sci.
USA. 106:5563–5568.
27. Piscitelli, C. L., H. Krishnamurthy, and E. Gouaux. 2010. Neurotrans-
mitter/sodium symporter orthologue LeuT has a single high-affinity
substrate site. Nature. 468:1129–1132.
28. Quick, M., L. Shi,., J. A. Javitch. 2012. Experimental conditions can
obscure the second high-affinity site in LeuT. Nat. Struct. Mol. Biol.
19:207–211.
29. Wang, H., J. Elferich, and E. Gouaux. 2012. Structures of LeuT in
bicelles define conformation and substrate binding in a membrane-
like context. Nat. Struct. Mol. Biol. 19:212–219.
30. Wang, H., and E. Gouaux. 2012. Substrate binds in the S1 site of the
F253A mutant of LeuT, a neurotransmitter sodium symporter homo-
logue. EMBO Rep. 13:861–866.
31. Zhao, Y., D. S. Terry, ., J. A. Javitch. 2011. Substrate-modulated
gating dynamics in a Naþ-coupled neurotransmitter transporter homo-
logue. Nature. 474:109–113.
32. Nyola, A., N. K. Karpowich,., D. N. Wang. 2010. Substrate and drug
binding sites in LeuT. Curr. Opin. Struct. Biol. 20:415–422.
33. Kanner, B. I., and E. Zomot. 2008. Sodium-coupled neurotransmitter
transporters. Chem. Rev. 108:1654–1668.
34. Fiser, A., and A. Sali. 2003. ModLoop: automated modeling of loops in
protein structures. Bioinformatics. 19:2500–2501.
35. Phillips, J. C., R. Braun, ., K. Schulten. 2005. Scalable molecular
dynamics with NAMD. J. Comput. Chem. 26:1781–1802.36. Hamelberg, D., J. Mongan, and J. A. McCammon. 2004. Accelerated
molecular dynamics: a promising and efficient simulation method for
biomolecules. J. Chem. Phys. 120:11919–11929.
37. Chipot, C., and J. He´nin. 2005. Exploring the free-energy landscape of
a short peptide using an average force. J. Chem. Phys. 123:244906.
38. Humphrey, W., A. Dalke, and K. Schulten. 1996. VMD: visual molec-
ular dynamics. J. Mol. Graph. 14:33–38, 27–28.
39. Eyal, E., L. W. Yang, and I. Bahar. 2006. Anisotropic network model:
systematic evaluation and a new web interface. Bioinformatics.
22:2619–2627.
40. Bakan, A., L. M. Meireles, and I. Bahar. 2011. ProDy: protein
dynamics inferred from theory and experiments. Bioinformatics.
27:1575–1577.
41. Bahar, I., T. R. Lezon,., I. H. Shrivastava. 2010. Normal mode anal-
ysis of biomolecular structures: functional mechanisms of membrane
proteins. Chem. Rev. 110:1463–1497.
42. Bahar, I., T. R. Lezon,., E. Eyal. 2010. Global dynamics of proteins:
bridging between structure and function. Annu Rev Biophys. 39:23–42.
43. Nose´, S. 1984. A unified formulation of the constant-temperature
molecular-dynamics methods. J. Chem. Phys. 81:511–519.
44. Hoover, W. G. 1985. Canonical dynamics: equilibrium phase-space
distributions. Phys. Rev. A. 31:1695–1697.
45. Darden, T., D. York, and L. Pedersen. 1993. Particle mesh Ewald - an
N.Log(N) method for Ewald sums in large systems. J. Chem. Phys.
98:10089–10092.
46. MacKerell, A. D., D. Bashford,., M. Karplus. 1998. All-atom empir-
ical potential for molecular modeling and dynamics studies of proteins.
J. Phys. Chem. B. 102:3586–3616.
47. Klauda, J. B., R. M. Venable, ., R. W. Pastor. 2010. Update of the
CHARMM all-atom additive force field for lipids: validation on six
lipid types. J. Phys. Chem. B. 114:7830–7843.
48. Durrant, J. D., C. A. de Oliveira, and J. A. McCammon. 2011. POVME:
an algorithm for measuring binding-pocket volumes. J. Mol. Graph.
Model. 29:773–776.
49. Marques, O., and Y. H. Sanejouand. 1995. Hinge-bending motion in
citrate synthase arising from normal mode calculations. Proteins.
23:557–560.Biophysical Journal 105(3) 630–639
